;e3er*o&& (d) Td*6*T*K[ 82 6 JAN 2005 i PRECODERS FOR PARTI AL RESPONSE
CHANNELS BACKGROUND OF THE I NVENTION Field of the Invention The present
invention relates generally to nethods and apparatuses used eit 6 tigd 8005
storing data on nmagnetic storage nedia, or for conmuni cation through
channel s, when equalization at the receiver side is perforned according to
a partial response target. Mire particularly, it relates to PR channels

. W th concatenated coding for error detection and correction. Description of

L0

the Related Art 10 As can be noted fromR Karabed, P. Siegel, E. Soljanin,
"Constrai ned Coding for Binary Channels wth Hi gh Intersynbol
Interference,” | EEE Transaction on Information Theory, vol. [T-45 No. 6,
Sept. 1999, pp | 777-1797, inposing certain constraints on nodul ati on codes
for partial response (PR) channels increases the mninmmfree Euclidean

‘di stance of the decoding trellis, which consequently inproves the

Bit-Error-Rate (BER) ;5 characteristics. However, this inprovenent is

achi eved at the cost of increased conplexity in encodi ng/decoding circuits.
For exanple, the Maxi num Transition-Run (MIR) code constraint increases the
m ni mrum squar ed Euclidean distance from6 to 10 in an EPR4 channel

produci ng about 2. PRECOPERSIFOR BARTIAThBRESRONSE CHANNELSher i nproved (by
up to 3.5 dB) by using a nodified target and the 16/17 quasi-MIR code. :0
The 16/ 17 quasi - MIR code all ows three (but not four) consecutive
transitions, and thus resghtRIROORDPAF optlenVRAESORf | ength 17 that neet
the code constraint. Since 65,536 26 JAN 2005 z glfferent 16-bit input
patterns are to be encoded out of the available 17-bit patterns for this

code, thg.gﬁg@heiité.of t he encoder/decoder circuits is relatively |arge.
As a gen Q _,Ve g nontrivial distance enhancing constraints |eads to
rel atively conpk b%gﬁ%&%ﬁ&gf&ﬂes{éﬂe}dﬁg?é me s%@d %P@g%gg%‘?&heﬁ fr bul ky

time variant decoding circuits. S. Patent I scusses a
read/ wri sterigpdateain magnhtiastbiage nwalid, anfordeandinigitibn éirbigh chStedts, avhedgcodi ng

met hod enpl ays.a detectaor trellis strycture, which consists of connected
trelli segg‘{ﬁ% ot thefieeclygryidedy BfUpIeg FCEUF G 1B nﬁawggeswe Lty Moeses,

that is, pﬁrrticﬁlﬁrlﬁ i%fét&%%’lfﬂgﬂﬁélgwitﬁQoﬁéaté{a?éde&d]ing}gr gndli d%gecﬁgxggxg i of one

subtrellis nmust” mate wt egi nning states of "an adj acen ellis to
gener at ecerretgivect or trellis structure for 10 arbitrarily | ong sequences.
Therefore, the survivor netric and survivor sequence for an ending of a
subtrellis will be assigned to the beginning state of the subsequent

subtrelIt@m%k¥gn@@gghhﬂaeagupated. The mating of the ending states and
begi nni ng states ensures at the resulting trellis will contain no
di stance 2 evésicsn banated frolsRt Kembéd)Pe Sisgel] Bt Soljanin, é@sestimined Moding f5f ance
propertiﬁs ang reduce &rJ o even% {eng h. : .
inary Channels with High Intersymbol Interference,” IEEE Transaction on Information
Theory, vol. IT-45, No. 6, Sept. 1999, pp 1777-1797, imposing certain constraints on
modulation codes for partial response (PR} channels increases the minimum free Euclidean
distance of the decoding trellis, which consequently improves the Bit-Error-Rate (BER)
characteristics. However, this improvement is achieved at the cost of increased
complexity in encoding/decoding circuits. For example, the Maximum-Transition-Run
(MTR) code constraint increases the minimum squared Euclidean distance from 6 to 10
an FPR4 channel, producing about 2.2 dB in coding gain. The gain can be further
mmproved (by up to 3.5 dB) by using a modified target and the 16/17 quasi-MTR code.

The 16/17 quasi-MTR code allows three (but not four) consecutive transitions, and thus

results in 63,546 code words of length 17 that meet the code constraint. Since 65,536




15 Alternative solutions are based on a coded nodul ation techni (]Zli@ uii[\ngm,-
so-called Structured Set Partitions (SSP) ofthe PR channel. See N 9

"Kuznetsov and M Unenoto, "Structured Set Partitions and Miultil evel

Concat enated Codi ng for Partial Response Channel s", |EEE Transactions on
Communi cations, vol. COM47, No. 6, 7une 1999, pp. 856-861. The first
proposed schene of this type conbines the List Trellis Detector 20 (LTD),

. wWhi ch can be considered as a nodified Viterbi Al gorithm (VA) that searches

10

15

for the two best paths in the trellis, and an efficient concatenated coding
schene that uses conventional block codes wth different error correction
capabilities. The structure is quite flexible and can be applied to
different types of PR channels, to set different code | engths and error
correction capabilities, and to use _well-known al gebraic and probabilistic
?5 decoders for conponent codes. Thi% significantly inproves the overal
signal -to-noise ratio (SNR) perfornance of the read channel conpared to the

s ont 21 S -0 PRty A0 beecptedots o iy syabole b ERBRAT ik gai n
i s betweeadelﬂ@e@dmplzma,&ah@a{mamcs,@ertcnemm@eaa cARgochannel , and between

2.7 and 2.8 'dB conparéd to the rate 16/17 (d=0, 6/6) coded EPR4 channel .

U S. Patent Nas «'Egesﬁnal 0¥, wingawss il drs@nceadiam:mg eorstramisdkadsfto rélatsrelyy pe
that may con f the fqllow three ste An.incom ng data sequence
o e OB HOTATBE A Aot SubcetEhde by et g fiagns
subsequenggsitd . 8NPALRANYSS Agy 3"84‘3&31513\(1@ Ts'a‘?fﬂ@/wﬁ&%gﬁ{el %ﬁ'ag&?éjvafrﬁﬁt error

detection or correction purposes FI na the parallel sub-strings in
t he out puecaling tielie rfuobl ardscrahxg wmetheé lemphbys atdetettve trelia stmatturrpdhahcode

according to th un| P tahle t partitions output words of the EPR4
channel | FBRfiE WQPoes af tf§U5%‘é’t“éh Periodgall %f%%%ﬂ%@}%ﬁ@ﬁ%ﬁelbwt he

spectru : 6}
Py e g 1 Bty s B

since i anﬁlethEE‘&inmhgmamls of he adjageintradbtietii a0 geheEaIe hideteator diclis atrogudZoof t he
3-1 evel ncate ated code satisfies d 2.> édoDo d~ D' d2 DZ ~ , where
Do, D, a L@y 1ong SeARCtfhi f%%h%@ﬂﬂ@%ﬁ and sugviyer seAuencs fRI&% i onal

codes usegqifb ofh g?ﬁreﬁlsqinl b@%sﬁ%%ﬁqb ik @g%ﬁ%%;at? %f” th@&ﬁﬁ%ﬁ%ﬂﬁ éﬁbéf%gls‘ 8 (as

in the extended ary olay c , and DZ
= 2 (as iwnthtwkch itiwmatedpdmetnyatmgeﬁﬂa)e enﬂingrstade& 2n8 Degifineg dratesteankesxhatt hi s SSP

based ap roac is the lack of SSP t abl es for |ff re s of PR
channel 81 t%treléjﬁw@mt@mﬁp z%cg?&a%é@ e esﬁwnﬁf@ﬁ%?ry (ROV)

to storen{ﬁgléﬁlftta LS P 2Bl ches the 20 provision of
only one SISP tab‘se o@ogn IEPR%%ﬁgcﬁne&a Vﬁé t-Qutput Viterbi Al gorithm

(SOVA) is anotMiernatveisblutons\bbe bisat ogiaweded Imedniastbn {eckedye patgsosadjedknce i n
the trellis as '

bi 1. S PR S RS TS (OB FRICBE s ot ARHIESS AFEVA LR Ten by
the BCIR«giructured Set Partitions and Multilevel Concatenated Coding for Partial Response
Channels”, IEEE Transactions on Communications, vol. COM-47, No. 6, June 1999, pp.
856-861. The first proposed scheme of this type combines the List Trellis Detector
(LTD), which can be considered as a modified Viterbi Algorithm (VA) that searches for
the two best paths in the trellis, and an efficient concatenated coding scheme that uses
conventional block codes with different error correction capabilities. The structure is quite
flexible and can be applied to different types of PR channels, to set different code lengths
and error correction capabilities, and to use well-known algebraic and probabilistic
decoders for component codes. This significantly improves the overall signal-to-noise

ratio (SNR) performance of the read channel compared to the uncoded PR solutions. For




al gorithm Since the SOVA and BCJR operate on a trellis, they can2b€ ?Eﬁqmas
for a PR 25 channel. These algorithns can al so be conbined with a*sof -
decodi ng schene for bl ock or 26 JAN 2005 convol utional nodul ati on codes.
A problemw th the above nenti oned decodi ng schenes is that, although the
BER of such schenes approaches record high levels, the conplexity of the
decodi ng schenes inplenentation and the tine delays invol ved, raise serious
.probl ens and have drawbacks. Summary of Invention The probl ens and
drawbacks of the above nentioned techni ques are overcome by utilizing
sinple, efficient SSP precoders, along with exenplary enbodi nents of the
present invention so that the conplexity and tinme delay of a decoder schene
is mnimzed or reduced for many types of PR channels. The main task of an
exenpl ary enbodi nent of 10 this invention is to produce precoders and their
correspondi ng | ogi c schenes, togetheg with a nethod of using these.
precoders and their schenes, to generate a nedia code sequence of synbols

for data st e .channel s i th rtiagl, response equal.j,zati nd a

mul ti | evethe AEAGRTARISHBHIE the freneh fmodelsuify VSer apnsiiis A58 e WM ned by t he
cl assi cal oRec BN b dRE98h POIDLI mptdd @ tRULAINEY EPR channel
encodi ng/ nodul ati on schenes include 1) IS Structured Set Partitions (SSP)

2) a set wofd twemn2.7 ondi2. Suibodmpetbs the tdie doM T €dehtt/@raoded EBRA ebannaly
capabilities, 3 vari f.iterative decodin hods such as the
ror el 1 s cbdatenf Mooy 8L faf HehisS it F e el Pt BRIy
| ow densi t Pr ; | £ hemnhfa Ry$, and
5cqnbined %f?ﬁagé%ygﬁgﬁﬁéigggﬁiﬁmaﬂzgﬁgg?gﬁﬁ%&?gsé‘¥§§?£§§?§%€ g§§1g§ error
"correcti oiwo armbutsubsequemssadleEah qi dhicat hdse@@n&&CG ewodetbusng ol | owed by an
SSP precoder, increases the njnimum Eucljdean distance bet n qifferent
medi a cod@VERfER Qgogs cltﬁlﬁrﬁ r exg %%cvanpégemct@nwegpqssﬁ@efmﬁiyewor
rates aft 1] : i | ot :awi ngs The
D caant | B s R B e ke el e
Det ai | ed ®eleaccetlingrio ithe wonjeSKR iable thdttphrtitives actponwardsioigheDEBRF nigmnaher ei n:
FIGURE 1 is a beck diag&an1of aread/wite gh nnel. S FLGURE 2 is
10di agr am sHEEAGGL fRsgEnEhese sdbsetsarasharasterizad By theySPECHEm Rasaed PiREske 3

shows a 3-1evel concat t ed encader ,c i j t.h an SSP- pr.ecoder. FI GURE
2 ohown e RS A LK e elos TR bl 192 By FEmeBiBE o1 bur ot
error correctign and a pariti check code. FIGURE 5 shows an SSP_ precoder -
and an endBERAChdR Het-dateng 518%4, d

Euclidean distance & of the 3-level concatenated code satisfies

0d L+ Bacedp the LPK4 channel the minimal square

d* > min{ngo,del,dez}, where Dy, D,, and D, are the minimum Hamming distances

15 .. of the conventional codes used at stage 2 of the encoding process. For example, ifD,=8
| (as in the extended binary Golay code), D, = 4 (as in the Hamming code), and D, = 2 (as
in the trivial parity check), then & »32. The drawback of this SSP based approach is the
lack of SSP tables for different types of PR channels, and the complexity of the precoders
using Read Only Memory (ROM) to store the SSP table. U.S Patent 5,881,071 teaches the
20 provision of only one SSP table for an EPR4 channel.

The Soft-Output Viterbi Algorithm {SOVA) is another modified VA that gives the
most likely path sequence in the trellis as well as the a posteriori probability for each
transmitted bit. Similar a posteriori probabilities (soft outputs) are also given by the BCIR
algorithm. Since the SOVA and BCJR operate on a trellis, they can be used for a PR

25 channel. These algorithms can also be combined with a soft decoding scheme for block or .




- matrix using block code wwth a | ow density parity check matrix (L

10 matrix shown in FIGURE 4. FIGURE 6 shows an exanpl e of an outgggcggﬁ 20505
C code)
inthe first two rows. FIGQURE 7 shows an SSP precoder and an encoder
generating the outer code matrix shown in FIGURE 6. 15 FI GURE 8 shows an
exanple of an outer code matrix using LDPC code in the first row FIGURE 9
shows an SSP precoder and an encoder generating the outer code matri x shown

in FIGURE 8. FIGURE 10 is the SSP precoder which maps the given stage s =

e’
L

10

15

20

(s 2, s_,) and three 20 new code bits a, b; and c to the next state s =
(so, s,, szZ) for the EPR4 channel with the target (1, 1, -1, -1]. It gives
the spectrum of m nimal Euclidean distances {do =4, d,2 =8, d2 = 16} .
FIGURE 1 | is the SSP precoder which nmaps the given state s = (s_Z, s.,)
and three new code bits a, b, and ¢ 40 the next state s = (so, s" sz) for

the EPR4 channel with the 25 target [ I, 1, -1, -1 ]. It gives the spectrum
of mnimal Euclidean distances ~do=a, d~~=a, d;=~s, d; =s~. 26 JAN 2005 6
FIGURE 12 is recoder which maps.the given state s = s |I) and

three neV\FQ:‘HBE%‘“BP‘!én ulagion gadese f%arqb#'én Witk thess %ﬂ@nuor(eéélecgdm&ﬂlem@? t he

EPR9 chan t ,

ot EA T A B BEBE sl sy mprltgs deofL KR LA, BREEHEME o
is the SSbfthe demﬂiﬁfg sohemés impletnehtatiof) iadé thestirad @el@sm\(oiiv_ea, rafsederidizs, ) and
three new c de bits a, b, and c to the next state s (s~, s,, sz) for the
EPR4 chanProblefisend bave dramwhasks{ |, 2, -2, -1] _ It gives the spectrum of

m ni mal Eucl i dean di stances

Summary of Invention

The problems and drawbacks of the above mentioned techniques are overcome by
utihzing simple, efficient SSP precoders, along with exemplary embodiments of the present
invention so that the complexity and time delay of a decoder scheme is minimized or
reduced for many types of PR channels. The main task of an exemplary embodiment of
this invention is to produce precoders and their corresponding logic schemes, together
with a method of using these precoders and their schemes, to generate a media code
sequence of symbols for data storage channels, with partial response equalization and a
multilevel encoding/modulation scheme. Partial responses are defined by the classical and
modified target polynomials, while multilevel encoding/modulation schemes include 1)
Structured Set Partitions (SSP), 2) a set of conventional block codes with different error
correcting capabilities, and 3) a variety of iterative décoding methods such as the List
Trellis Decoder {(LTD), the BCIR algorithm, and soft decoding of low-density parity
check codes. Precoders are derived from the SSP’s, and combined with ECC encoders
that are designed for error detection, or error correction, or both. A cascade of parallel
ECC encoders followed by an SSP precoder, increases the minimum Euclidean distance
between different media code sequences of symbols, and as a result gives lower bit error

rates after decoding.




-given state s = (s_,) and three new 10 code bits a, b, and c to t enngﬁ% -

{do = 4,d; =12, d; =24} . FIGURE 14 is the SSP precoder which maps the

state s = (so, s,, s2) for the MEPR4 channel with the target [I,
-1]. It gives the spectrum of mi ni mal Euclidean di stances
~do:4,d~—16 d2=16~. FIGURE 15 is the SSP precoder which maps the given

state s = (s_2, s_,) and three new code bits a, b, and ¢ to the next state
= (so, s,, sz) for the MEPR4 channel with the | ° target j2, 3, -3, -2].

It gives the spectrum of mnimal Euclidean distances {do=12,d; =36, dZ=64}

FIGURE 16 is the SSP precoder which maps the given state s = (s_3, s_~ and

three new code bits a, b, and c to the state extension s = (so, s,, SZ)
the EZPR4 channel with the target [I, 2, 0, -2, -1]. It gives the spect

of m nimal Euclidean distances 20 {dos= 4, dz = 8, dZ = 16 } . 26 JAN

for
rum

2005 7 FIGURE 17 is the SSP precoder which maps the given state s = (s_Z,

s t) and three new code bits a, b, and c to the state extension s = (so

s,, s2) far. the VEZPRA4 ch%pnel with the target [I, 3, 0, -3, -1]. It gives

t he spect PY#& Beschphiomaf th PN di stances ~do = 4, di =16, d2 = 44 5
FIGURE 18 is t I- er h hven S s_,) and
t hree nem/codqu ? Smﬂ , nnmy%ggg%% %F@mgk éﬁgi@%@ghgﬁyggl " s~ for

‘the NEZPRmefma@mebcdmlbh irt &tﬁgar@ﬁg@whlthe é%ccoﬁxpanﬁng Dilav}m%sJ Wh@bmes t he

5

spectrum of mnimal _Euclidean distances {da =24 ~ .

FI GURE 19 is t FEGYRE W@M&d!mﬁr@wfﬁﬁ@%ﬂwn@@am state s = (s_4, s_2,

d 0 h =
550, & sz) r ol \TRREGHS Biuhnfafngtie ST st S8 By SRR -

; gi'ves the specFIGURES3 sHowishitd-lekbldoheRahtsl Slcadda@smbiRd widban Skp- pre%@derdZ

10

15

20

25

116 }
FIGURE 4 shows an example of an outer code matrix using 2 block codes for

burst error correction and a parity check code. 7

FIGURE 5 shows an SSP precoder and an encoder generating the outer code
matrix shown in FIGURE 4.

FIGURE 6 shows an example of an outer code matrix using block code with a low
density parity check matrix (LDPC code) in the first two rows.

FIGURE 7 shows an SSP precoder and an encoder generating the outer code
matrix shown in FIGURE 6.

FIGURE 8 shows an example of an outer code matrix using LDPC code in the first
row.

FIGURE 9 shows an SSP precoder and an encoder generating the outer code
matrix shown in FIGURE 8.

FIGURE 10 is the SSP precoder which maps the given stage s = (s, s,) and three
new code bits a, b, and ¢ to the next state s = (s,, s,, s,) for the EPR4 channel with the

target {1, 1, -1, -1]. It gives the spectrum of minimal Euclidean distances
{d2=4,d=8d2-16}.
FIGURE 11 is the SSP precoder which maps the given state s = (s, s,) and three

new code bits a, b, and ¢ to the next state s = (s, s,, 5,) for the EPR4 channel with the

target [1, 1, -1, -1]. It gives the spectrum of minimal Euclidean distances

{@-adi-4,a7-16a7=8} .

i
it




“under st andi ng of the exenplary enbodi nents of the present inventi

Det ai |l ed Description of the Preferred Exenpl ary Enbodi ments To aig t he .
®, Jis 2R
unpubl i shed docunent, A. V. Kuznetsov, "Coded Mdul ati on Schenes with Turbo
and List Detection For Hi gher-Order PR Channel s", is hereby incorporated by
reference and attached hereto. Referring now to the draw ngs, and in
particular to FIGURE 1, there is shown the structure of a read/wite

-.channel 100 with an L-1level concatenated encoder 102 foll owed by an SSP

precoder 104, and the functions of its main blocks. Encoding part of 20 the
channel 100 consists of a set of algebraic encoders |02 and a precoder 104.
The conbi nation of the encoder 102 and precoder 104 provi de an

encoder/ precoder conplex 106. Al gebraic encoders generate an outer code

matrix U of size L X n, L <1, such that its i-th rowis a code word of the
.code C, wth al phabet size q; = 21~ ~, and m ni nrum Hami ng 26 JAN 2005 s
di stance, D~ i = L 1. In the general case, the paraneters I(i)
are arbitrary £ S uch, that 1

but in our exanples Stﬂ p[écgﬁgr Whlcgmap? érﬁ)gwe“ S}atzl y &8 G)zﬁnd(-thee Coded

modul at i oRewsEdRBAS adb emuscttalthé/nes@&tawos S5 thad) 9 thelEPRy channa vathshe The
general structure of an outer code matrix 200 for L = 3, is shown 5 in

FI GURE 2. tamt blutlerl, chiddt gmiey thg spagfrunsoiyeininal tadlidppn distancenf paral | el

convent i 08' ECC encoders, 302, as shown in FIGURE 3 in the encoder/precoder
conpl ex 300=f6f= 44 l6die8 shen each row of an outer code matrix Uis
generated by its own encoder. The colums uo, a 1, ..., u"_, of an outer
code matrix ummqmﬁhe SSP)pra:edér Whick mbfs fhegdetatatd O4. (s Ats,f 9@ ahd e
iAstant j, for using u~ and the current state of the

channel , tgree n(egr coﬁfz glts a, b agd cgo tl§ nexy statteﬁe— @n’écéﬁefpr a@P@D}é‘f ghanpel g¥itdy o
sequence (&X\ERSIPM. 5 71 1Ples Hekpehlyed Gl pubfkaf Bk 1O [T out put

304. At the s So updates 1ts internal regrs containing s
306: If 11 mdzlﬁegzsm s sinply replaced by s. If | <m then the new state
. s is a cohtatenhation of the last m- | bits of s ands. If | >m then the

15 new state nsi f th t mbits ofs. Anln t of the PR
channel is a Eﬁ%@ﬁ%ﬁ%é‘dﬁ%%ﬁg p(ecoger‘% ‘Fh H&‘B“ glve5&‘29"‘“'35') a%‘&ﬁﬁ%‘ﬁents

10 X; = 2s; codbkbits &5, 2MERE tlﬁ next Qatels 4§.8 St BF YheQEPRY cﬁénntemltﬂ 'E}féct e -

20

Gven atarget f = ( fo, integer (real or conplex In
gener al désé)-%dﬂrpﬁr&vﬁsshe mcmmhmﬁmlmmabﬁmchﬁpamdlsﬂah@sPR channel at the tine
instant i ,is defined by, the equallty 2~ yi ~nfri m+ oL HIIKI -2 +f 1 xi-1)
+f OXi (|){dihéapr@|dan=16\brd z = (x;.m ... x. 2, x;_,) and its binary
version s (s; ..., s; Z, s; ,) are both caIIed states of the channel
at the tinme IrHGaH{EIESis-EBQSSHIpF@GHerSM&iEIBmﬁpS Begiandtae §&C(bl§f}.9}3alfdfthree
subsequent st te bits s = define an output word

of the nge A&Its a,yb -an@y to t}jp next st§te sz= (so, s],)sg) %ytipmjﬁfggtqh@mpegmtb ihe
conmponent; nejt 4 h [ nctlon f(s-~s) of
 he Concat o’n%Sei] ?gs tﬁcf: Qﬂe%tru rﬁlgimva\?ﬁgci}/deaﬁ d?stan% 7 ) 26

JAN 2005 {%0 - 12,d§=36, di=64} .

FIGURE 16 is the SSP precoder which maps the given state s = {(s.,, 5.,) and three
new code bits a, b, and ¢ to the state extension s = {s,, s,, §,) for the £°PR4 channel with

the target [1, 2, 0, -2, -1]. It gives the spectrum of minimal Euclidean distances

{d2=4,a7-8,d2=16}




5 of s and s. This function is time invariant, and the Iength of %6i dAlqlEP
to the Iength of s. In matrix notation, we have y = j(s s) = x*F, where the
matrix ro ... ol _.f ... oF =loh ..ofa ... f ,00l0 has size (m+|) x | and x
is the bipolar representation of the corrpound state s s. The nethod of
Structured Set Partitions (SSP) has proved to be a useful tool in (2)
constructing precoder functions rp(s ,u~) wth good spectra of m ni nal

. squared Euclidean distances {do,d,Z ...,di_~}. An output L-Ievel
concat enat ed nodul ati on code C of length N=nl is the set of 10 all
sequences F(so,1>) _ (f(so rp(so,ao)) f(s, rp(s~ai)) ... j(s"_,
rp(s,~,,u"-,))), where so is the initial state ofthe channel, and s~ is the
next state after s~,, forj =1, 2, ..., n. The rate R of the code Cis
equal to (1 (0)ko + 1(1)k, +...+ I(L-A)kL_,)IN, where k; is the nunber of g~
ary information synbols of the code C,, i =0, I, ..., L-1. If the SSP has
a spectrum of m ni nal squared Eucl i dean di stances {do < dz < ... d~_~ } o,
then the mnipal. s uarecL:.eT | i dea d| ance ~ of the, L- Ieveé .
concat enat ed € a8t ser eﬂl"fﬂsﬁ Stﬁtﬁlﬁ _2@955 4" thrce
d2(C) >-nj, I8 | RWAG
di st ance éob?q%@bl% b fmqé,j{o Staﬁeé:féén,&lmﬁsou SDS g) ffc’(t;\j&vler bound in (3) is

t0

15 -

based onthe target e3n@,nBmim Ihgtanhxemecttrhm afﬁtlmotal Buclsleredmstaaeed its error
statistic usually require conponent codes that correct or at |east detect
sonme spe df2|—04 tdyeeﬁs gﬁ—emr}or S. In particular, simulations of an exenplary
enbodi ment "of 't he present invention with List Trellis Decoding (LTD), have

bur st error cEIGURE i Doy bt h R BFRBh ReL B S Lo RN L s e

nunber  ofey, REGPERAEH axl;uétcﬁth@@,fase eﬁé%l% 4 (4, Ss, 3] X a7 B anpeltih code
matri x 400 with 3 rows and 256 10 colums. Its first two rows are code

wor ds of titeverget fIf 8r @nB, dyclit givassbiespecomrad eninimg! Ebeliglean Pigiesess of errors of
length 5 and 3, and having 14 and 10 redundant bits, respectively. The | ast
row consiygf s 4of; 284 dfat2 pits and a single parity bit in the | ast position.
The code rate equals 740/ 765 = .967. The correspondi ng encoder/ precoder

conpl ex_S00 1 $16DRWMSAS it AP HROSIP WHRIGASIR e BOZn 30 N BCOdETs PR i N

three new code bits a, b, and ¢ to the state extension s = (s, s,, S;) for the ME’PR4

channel with the target [5, 4, -3, -4, -2]. It gives the spectrum of minimal Euclidean

distances {d? = 16,d?= 36, d2 =116} .

Detailed Description of the Preferred Exemplary Embodiments

To aid the understanding of the exemplary embodiments of the present invention,
the unpublished document, A.V. Kuznetsov, “Coded Modulation Schemes with Turbo and
List Detection For Higher-Order PR Channels”, is hereby incorporated by reference and
attached hereto. Referring now to the drawings, and in particular to FIGURE 1, there is
shown the structure of a read/write channel 100 with an L-level concatenated encoder 102
followed by an SSP precoder 104, and the functions of its main blocks. Encoding part of
the channel 100 consists of a set of algebraic encoders 102 and a precoder 104. The
combination of the encoder 102 and precoder 104 provide an encoder/precoder complex
106. Algebraic encoders generate an outer code matrix U of size L x n, L < [, such that its

i-th row is a code word of the code C, with alphabet size g, = 2"/, and minimum Hamming




15 FI GURE 6 depicts an outer code matrix 600 with 3 rows of |length 620, the
first two of which contain a code word of the so called LDPC code? @Aﬁh M a2(05
| ow density parity check matrix of size 120 X 1240. This code has 3

ort hogonal parity check equations for each of 1240 code bits, and is
suitable for "turbo" type coding algorithns. The third row of this outer
code matri x consists of uncoded data bits. The code rate equals 1742/ 1860
= 26 JAN 2005 m 936. The correspondi ng encoder/ precoder conplex 700 is
shown as a cascade of an encoder 702 and a precoder 704 in FIGURE 7. FlI GURE
8 shows an outer code matrix 800 with 3 rows of length 1240. The first row
is a code word of the above nentioned LDPC code, and the last two rows are
filled by uncoded data bits. The code rate equals 3602/3720 = .968. The
correspondi ng encoder/ precoder conplé& 900 is shown as a cascade of an
encoder 902 and a precoder 904 in FIGURE 9. FIGURES 10 through 19 depict a
nunber of different precoder functions, and the corresponding | ogi ¢ schenes

for their jnple nta h the fare ol ng [ on of

concat enaf:he';g;llQl 8 ff)’o1 ’Ilclj\/\}eﬁll“btg %ﬁfﬁ!ﬁé%ﬂ\ed’gfﬁf%ﬂ Hrqrﬁgtqi%&i’?%ﬂ‘@e

here, ot hﬁﬂeéeY@@&lﬁBa@lm)Vﬁmle”a| +5&§1f£¢%t%r@%rﬂﬁ@§§élo%ql“%§’3 peich as
code | engt hs” and mi ni mum Hanfri ng di $t ances, can be applied to the’ systen1|n
accor dancKo)m:tlﬂ)ﬁ"l&)t:ehcﬁiodgtmﬁulahm PR — aremsuallpeetnrpesoitbats description is
of a pref for | ementing the 15 invention, and the scope
of the in én?on sh&ﬂl d e“ﬁ@éé el qf ap Quief {9 a‘B‘ifztOh fQr sk 1S HPM8N. The

sscope of tweqnesent invention is instead defined by the follow ng clains.
?2(y"N;" 26 JAN 2005 12 What is clained is:
. An outer code matrix, U, is generated by a set of parallel conventional ECC

encoders 302, as shown in FIGURE 3 in the encoder/precoder complex 300 for the case
when cac‘h'row of an outer code matrix U is generated by its own encoder.

The columns u,, u,, ..., u,; of an outer code matrix U are sequentially sent to a
10 precoder 104. At the time instant j, for J =0, 1,.., n-1, using u; and the current state of
the channel, s~ =(s,,,, ..., s, S;;), the precoder generates a state sequence extension,
s = @(s—,u,), of length /, and sends it to its output 304. At the same time, it also updates
its internal register containing s~ 306: If/ = m, then s™ is simply replaced by s. If{ < m,

then the new state s~ is a concatenation of the last 7 - / bits of s~ and s. If / > m, then the

15 new state s~ 306 consists of the last m bits of s.

20

" An input of the PR channel is a bipolar sequence (..., x;, X, X, X,, ...) with
components x; = 2s, - 1 =:x1, where s; =0, 1 is a binary output of the precoder. Given a
target £ = [fy, £, ..., f,.} with integer (real or complex in general case) components, an
output symbol y, of the PR channel at the time instant i is defined by the equality

=i T X T X)) T (1)

The bipolar word x~ = (x

-m» °*

-» Xin, X1} and its binary version 8T = (5., ..., S5, S;;) &re
both called states of the channel at the time instant 7. The current state s~ 306 and a

sequence of subsequent state bits s = (s, s

2 r+1’ ;+2:-

.} define an output word 304 of the PR
channel, y = (¥, ¥..., Y2 ---), by application of (1), component-by-component. Therefore,

the word y is a function f{s os) of the concatenation s os = (s,

F-m> 773

S!—Z: Si-h Sr': Si+[7 Si+2: )




- detection and correction, said partial response channel conprlsypg Jan
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A partial response channel utilizing concatenated coding for error

2005

encoder for error checking and correcting, said encoder receiving a stream

of data and produci ng an outer code matri x;

said outer code matrix and for encoding a series of nmulti bit-length
sequences of digital electrical signals,wherein said series of nulti

bit-tength sequences are conposed of 5-bit-length sequences and wherein

sai d precoder encodes said 5-bit-length sequences conprising 2 said
precoder's previous output bits (s_z and s.l) and 3 code data bits (a, b

and c),

into 3 output nedia bits (so, s~ and sz) which are generated

and a precoder for receiving

according to so = (a &s-Z) Oc, s, (a&s Z) Os 10bOc, and sZ =
s Z Oa, where is the exclusive OR ¢®perator. 2. A partial response channel

utilizing concatenated coding for error detection and correction,
parti al

a

sai d
response channel conprising: an encoder for error checking and

code mat roke B T RBGATE Fine PewanG rrd PE b at £k Hhalo M brafafs For
encodi ng Elfﬁ@tﬁx%té?fon%‘hbv@yL gL -gequRnCHs nakdi gi tal el ectrical
wherein said series o nultl-blt-length sequences are conposed of

signal s,
5-bit-1ength sequences and
sequences conprising 2 said
and 3 coded data bits (a, b{and
whi ch are generated accordi
s, =((a0+b) & _Z) Ots-, Cc b, &R
ut'ilizing concatenated codi
parti al

osZ:aIbCB=2..E, A partial response chan

response channel co

for, error detection and correction, said
rising: an encopder for error checklng and

erepn sai d pge¢oder encodes said 5-bit-1length
recgder S prgv ous output bits (s.Z and s_~)
y! |nto 3 output nmedia bits (so, sl and sz)
gtoso=(a®©®b &s_2) Oc, é}
e

correcting, said encoder re e|V|§g a streg of data and produci ng an outer
e

code matrix; and 26 JAN 2005 1
matrix and for encoding a series of nmultibit-Iength sequences of digital

a preco

for receiving said outer code

el ectri caﬂxasgizgr(aﬁé) Whed aiintiedigblaaepresentdtiomdithe duinipouad giate sSequences are
conposed of 2&%@%@@@23 sequences and wherein said precoder encodes said

5-bit-length s

(so,

C,

distances {af2 d},...d:, }

An output L-level concatenated modulation code C of length N = nl is the set of

all sequences F(s,,U) = (f{sy © @sq,u5)) © 51 © @5, my)) @ ... o fis,, © (s,,,1,,))), where

o is the initial state of the channel, and 5 is the next state after S:1s

forj=1,2,..,n The
rate & of the code C is equal to ({(0)k, + I(Dk, +..+ ((L-1)k, )N, where £, is the number
of q.-ary information symbols of the code C,1=0, 1, ..., L-1.

If the SSP has a spectrum of minimal squared Euclidean distances

{a’(,2 <dl<.. < dﬁ_l} , then the minimal squared Euclidean distance &#(C) of the L-level

concatenated code C satisfies the inequality:

SHPFEsdRet Pagiians (3 HE Iprogfeé tebe sysefelppun bits
(s_Z and s_~) and 3 coded data bits (a, b and c)

s~ awasEpgtingtiredvdar Bingeorer@(sed,) adthogadidrgettor @onimin(ah sqabedEsclidyanO b O
S, =((alb) & _2) O+s10+c, and s2=s ZO+a0+b

into 3 output nedia bits:




4. A partial response channel utilizing concatenated coding for eymorjay 2005
an

"detection and correction, said partial response channel conprising:

encoder for error checking and correcting, said encoder receiving a stream
of data and producing an outer code matrix; and a precoder for receiving
said outer code matrix and for encoding a series of nultibit-length
sequences of digital electrical signals, wherein said series of

multi-bit-1ength sequences are conposed of 6-bit-1ength sequences and

Lh

10

15

wherein said precoder encodes said 6-bit-length sequences conprising 3 said
precoder's previous output bits (s_3, s 2 and s_1) and 3 coded data bits
(a, b and c¢) into 3 output nmedia bits (so, s~ and s2) which are generated
according to sp = (s_Z &a) Ot (s, &a) Ot c, s,=(s_z&)Qs_, &) C, and
s2=s_30a. 5. A partial response chanmgj utilizing concatenated coding for
error detection and correction, said partial response channel conprising:
an encoder for error checking and correcting, said encoder receiving a
stream of data and produciag an out er, codg matrix; aﬁg a precoder for

recei ving said outer code qu&n&ﬁgdof@r,deﬁkedi%n%_ ries of (3)

mul tibit-length sequences of digital electrical signals, wherein said
series of multi-bit-1ength sequences are conposed of 4-bit-|ength sequences
and wher ei Whergily igthe sodsuneHenmey dstanbedflfi,ti-=+ @ngt h Isdquences conprising 1
said precoder's previous output bit s_1 and 3 coded data bits (a, b and c)

into 3 output matioaghtiedolstbomd i(W) iSBIsedBhigbnahe mfnemalifshcas s ding to
so =(s, &a) O¢c¢, sl =s ~0Ob, and s2 =s_, O a. 26 JAN 2005 14 A

- partial r %%ﬁé@s&x,@@@ B84 ity El:'l’!)ll &hiflGic %Qlfhcﬂﬁtrgﬂﬁ'l]leec% %q.éﬂgoﬁ&rth&rcﬁ)gfectd glgct ion
| annel CO r encoder for

“and correction, sa

partial response cC IS ng: an
error chegki and correcting, id encoder receivjng a streamof data and
produci ng?efﬁp‘gﬁﬁ?cé Fo@Sa%ecf%IWg%; O%gﬁr(?rsar}ﬁrpé&?& ; ?‘IBPfan‘%gé?f\?P SRty out er
code matrix and for encoding a series of nmulti bit-Iength sequences of
di gi tal elcE®edinest okthgnegsent inreatien witbdiiyt Teeltis Psceding(V kD), bave shewg it
sequences are conposed of 5-bit-length sequences and wherein said precoder

encodes sdorch givlri BERehighér seqdesicies candrquchizeusing Birst §9F@ ¢ofledting doi&yi ous
output bits (s_2 and s_1) and 3 coded data bits (a, b and c) into 3 output

nedi a bit g (ISRad dtbidBE cSFes, WHoERcAhE sﬁﬁ@ﬁﬁrﬁﬁ&%fmgémeﬂgoii &39 = (s_2 & a)
O+ b O+t c nd s2 =s_ 2 Oa. A

O+t c, s~ _(s_Z &a) O sl , a partial response

channel wutili zi atenated cading for,error tection an rrection,
sai d parti al ré’@%‘gﬁéﬁg‘?%ﬁgﬁﬁ@%gﬁﬁp ngeﬁﬁc.’dealﬂat c@ ev?“ﬁ"f%FovéSﬁ"ng%ghecki ng and
correcting, sai d e?coder receiving a stream of data and produci ng an outer
code mat r PRUmEE(Its it fyvp aews prgcode werds ofgwe sliffiersntt velicendss. warestogangld or
encoding a series of nmulti bit-length sequences of digital electrical

si gnal s, burstsof errors of length 5 and 3, and having 14 and 10 redundant bits, respectively. The

last row consists of 254 data bits and a single parity bit in the last position. The code rate
equals 740/765 = 967. The corresponding encoder/precoder complex 500 is shown as a
cascade of encoders 502 and precoder 504 in FIGURE 5.

FIGURE 6 depicts an outer code matrix 600 with 3 rows of length 620, the first
two of which contain a code word of the so called LDPC code, with a low density parity
check matrix of size 120 x 1240. This code has 3 orthogonal parity check equations for
each of 1240 code bits, and 1s suitable for “turbo” type coding algorithms. The third row

of this outer code matrix consists of uncoded data bits. The code rate equals 1742/1860 =




wherein said series of multi-bit-length sequences are conposed of

" b-bit-length sequences and wherein said precoder encodes said 5- i%-ﬁ%ﬂd@ﬁﬁ

sequences conprising 2 said precoder's previous output bits (s.3 and s_2)
and 3 coded data bits (a, b and ¢c) into 3 output nedia bits (so; sl and sz)
whi ch are generated according to so = (s.3&a&b) Os 20¢c, s, =s_.30
b, and s2=s Z0aOh. 8. A partial response channel utilizing concatenated

.coding for error detection and correction, said partial response channel

conprising: an encoder for error checking and correcting, said encoder
receiving a streamof data and producing an outer code matrix; and a
precoder for receiving said outer code matrix and for encoding a series of
multi bit-1ength sequences of digital electrical signals, 26 JAN 2005 15
wherein said series of nulti-bit-|engtih sequences are conposed of
5-bit-length sequences and wherein said precoder encodes said 5-bit-1length
sequences conprising 2 said precoder's previous output bits (s_2 and s_1)

i ch ar & winay e gt e e iddd! Grapigy 10V o5 & SbifadiBan®s BTG B

whi ch are generate ccording to s s 1DbDc
, and sZ = s,Z a. . A parti r.e hannel utilizing concatenated

codi ng f §P¢ ‘?"{35)2654 @8?"1“8&“?96 ’%EWQ@E%n, sai d partial response channel
conpri sing: an _encoder for error checkLng and correcting, said encoder
receiving a stilG4RIBB shewsamentepeasiguritny S6h withSeowseddengtl 1240; Thedirst
precoder for receiving said outer code matrix and for encoding a series of
mul ti bi t rberigh bodegurhefthe abovdingdtiahedL PPCrdodal anditiRbtstwonbdesardfiltedi d
series of multi-bit-length sequences are conposed of 5-bit-length sequences

and wher ajynSad _ ' iHol.LogEh .conprising 2
said pr e?gdgraiap@gﬁ%?hgﬁagggﬁ %F??I%@@ggg s'@,g?' gﬁgggﬁg%ggﬁﬁ ata bits

Cecora; nyblbt oot 5 i & { S8eagy oYy YL 81 £-5E8°" 1

partial response channel utilizing concatenated coding for error detection

~and cor r EOFiBKIGYRED-partial response channel conprising: an encoder for

10

15

error checking and correcting, said encoder receiving a stream of data and
produci ng an dUGERES @ threitghlf;depiotda aupbeacdddferérampreceden funeigpns aind thelt er
code matrix and for encoding a series of nultibit-length sequences of

digital ebfetgondil 154i88temes MIK&H Mpi@héhtfRnl €S of multi-bit-length
sequences are conposed of 6-bit-length sequences and wherein said precoder

cncodes, 521, ol gh ) SRRLE TR BTBEISL AR HPLAL RSGRLA, S o e
D RN E NI AL
26 JAN 2%3r5ameter values, such as code lengths and minimum Hamming distances, can be applied
to the system in accordance with the teachings of the invention.
The previous description is of a preferred embodiment for implementing the

invention, and the scope of the invention should not necessarily be limited by this

description. The scope of the present invention is instead defined by the following claims.




16 11. A nethod to generate a nedi a code sequence of synbols for data

st orage channels, conprising the steps: (a) de-nultiplexing an i t data _
streaminto three parallel substreans; (b) encoding at |east one AN 20
paral |l el substreans into at |east one encoded parallel substreamby a
separate bl ock or a convol utional encoder having at |east one of error
detection and/or correction capabilities; and (c) converting at |east one
sai d encoded parallel substream and any remai ning parallel substreans into
said nedi a code sequence of synbols via a precoder, said precoder operating
accor di Yhat s daimed 1pr edet er mi ned equations. 12. The nmethod according to
claim1l, wherein said predeterm ned equations are so = (a &s_ 2 ) Oc, s~
_(a&s 2) Os10bO0Oc, and s2 =s z Oa. 13. The nethod according to

claimifl, whemeitial f3pshspcRAREEEITIMcREMShdt QNS0 dM LSS erFhPddddSiof hhdt C, _
s, =((a0+b) & _z) Gs_, Cc b, andsZ=aOs_Z. 14. The nethod according to claim
11, wher ei n @aicatigh sadartiyl Feponsq ¢httmsheomprisingy=( aCb&s_2) ObCxc,

5, 2( (30 852) Oy o i 225 LR, a8 Foord 08, LI ASEEAAG L el 1 1

wherein said pre rmned equations are so=

S, =(s_2&a) A s_, &aj«#tbsmk] modsdmsaBéier cbde minex;matithod according to claim 11,
wherei n said predet %r? ned eguatjons are so=(s_,&a)Cc, .. . .
s~=s_~Otb, ands 8PECOgs fon tecetrhig saik MR cade BB adiiar encadipg pserighrfraiii- sai d
predet er m ned equal.iBBs REGmss 51 dis: ; in(sS; . Ob O
c, and sz =s_Z O a. Q{%& &ﬁl"ehe n%t(ﬁ%lﬁaggggglrcéll n tlsé&%?rgin(r%alf%,eée\/\ﬂ)ei}@lﬁ sai d

pr edet ebitriemgth sequenteoars camposd of 5{lst-Bn@haeduchcds add svhiérdih sgid precede 3 O b
and sz &mgde% s%daS—gt-tféngth Sreq%gnc%@ cNon%gr(l)s?ng 2 said precoder’s previous output bits (s and

s.1) and 3 code data bits (a, b and ¢), into 3 output media bits (s, s; and s;) which are
generated according to §;, =(@ & 5,,)®Pc, s5=(a&s,)®s ®b®c,and s5,=5,®Pa,

where @ is the exclusive OR operator.

2. A partial response channel utilizing concatenated coding for error detection and
correction, said partial response channel comprising:
an encoder for error checking and correcting, said encoder receiving a stream of
data and producing an outer code matrix; and
‘a precoder for receiving said outer code matrix and for encoding a series of multi-
bit-length sequences of digital electrical signals,
wherein said series of multi-bit-length sequences are composed of 5-bit-length sequences and
wherein said precoder encodes said 5-bit-length sequences comprising 2 said precoder’s

previous output bits (s; and s.;) and 3 coded data bits (a, b and c) into 3 output media bits (s,

s1 and s;) which are generated accordingto s, =(a®b & s ) ®c,

5 =((a®b)&s_,)Ps_ DcDb,and 5, =aDbDs.,.

3. A partial response channel utilizing concatenated coding for error detection and
correction, said partial response channel comprising:
an encoder for error checking and correcting, said encoder receiving a stream of

data and producing an outer code matrix; and




17 19 The met hod according to claim 11, wherein sai d pr edet er m ned
equations are sp =s 2 Oc, s, (s_Z &a) Os ~Ob Oc , and €76= JBR 200,
a. 20. The method according to claim 11, wherein said predetermn ned
equations are sp =s ZOrb Otc, s, =s_, Db, and sz =s_Z O+ a O+ c.
21. The nethod according to claim11, wherei n said predeterm ned equations
are sp=¢c Os 4 O+t (s Z & (a Ot b)), =b Otc Ot s ~0(s_z & (a O+ b))
, and s2 = a bO+sZ. :
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wherem said senes of multi-bit- length sequences are composed of 5-bit-length sequences and
wherein said precoder encodes said 5-bit-length sequences comprising 2 said precoder’s

previous output bits (s and s.;) and 3 coded data bits (a, b and ¢) into 3 output media bits (so,

s1 and s;) which are generated according to s, =(s_, &@)®c, 5,=(s, & a)®s SbDc,

and 5, =5, ®Pa.

7. A partial response channel utilizing concatenated coding for error detection and
correction, said partial response channel comprising:
an encoder for error checking and correcting, said encoder receiving a stream of
data and producing an outer code matrix; and
a precoder for receiving said outer code matrix and for encoding a series of multi-
bit-length sequences of digital electrical signals,
wherein said series of multi-bit-length sequences are composed of 5-bit-length sequences and
wherein said precoder encodes said 5-bit-length sequences comprising 2 said precoder’s

previous output bits (s3 and s.2) and 3 coded data bits (a, b and ¢) into 3 output media bits (s,

s1 and s;) which are generated according to s, =(s , &a &b)Ds_, D¢, 5,=5,®b, and
5, =5,Dadb.

8. A partial response channel utilizing concatenated coding for error detection and
correction, said partial response channel comprising:
an encoder for error checking and correcting, said encoder receiving a stream of
data and producing an outer code matrix; and
a precoder for receiving said outer code matrix and for encoding a series of multi-

bit-length sequenées of digital electrical signals,
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109a7&' (9 and edopdti¢h are generated according to s, =5, ®Pec, 5,=(s,&a)Ps  DbDc, and

s, =5,Da.

9. A partial response channel utilizing concatenated coding for error detection and
correction, said partial response channel comprising:
an encoder for error checking and correcting, said encoder receiving a stream of
data and producing an outer code matrix; and
a precoder for receiving said outer code matrix and for encoding a series of multi-
bit-length sequences of digital electrical signals,
wherein said series of multi-bit-length sequences are composed of 5-bit-length sequences and
wherein said precoder encodes said 5-bit-length sequences comprising 2 said precoder’s
previous output bits (s.; and s.;) and 3 coded data bits (2, b and ¢) into 3 output media bits (s,

s; and s;) which are generated according to 5, =5, ®b®c¢, 5, =5, @b, and

s,=5,Pa@c.

10. A partial response channel utilizing concatenated coding for error detection and
correction, said partial response channel comprising:
an encoder for error checking and correcting, said encoder receiving a stream of
data and producing an outer code matrix; and
a precoder for receiving said outer code matrix and for encoding a series of multi-
bit-length sequences of digital electrical signals,
wherein said series of multi-bit-length sequences are composed of 6-bit-length sequences and
wherein said precoder encodes said 6-bit-length sequences comprising 3 said precoder’s
previous output bits (s, s and s.;) and 3 coded data bits (a, b and ¢) into 3 output media bits

(s0, s1 and s;) which are generated according to s, =c®@s_, ®(s_, & (a D b)),

5 =b@c®s O(s,&(aDb)),and 5,=a@bDs,.




10907& () - #3t <<<=====dJ+= 10967& ()- 10907& ()-#3t 1090& ()- 109@& ()-

10967& ()- 10907& ()-= ======eF+= 1090& ( 1090& ()- 109%& ()- 10%r§é) #3t
10967& ()- 10967& ()-====q===bA+= 1090 'F 10% & ()- 10% & ()-} (AN Y045
10967& ()-#3t 1090T& ()-=>;>>>>Z?|[:+= 1 *110% & ()- c(i!10%& ()- *

109% & ()- #& 109% & ()- "= 10% & ()-v !10%& ()- 2?77 @@g@g@[NA410*1o*1o*
6109 & ()- 3d10% & ()-Z F110% & ()- h&0% & ()- ,i!10% & ()-

@AAERABCC| [ : NA410 110% & ()-m !110%*& ()-m!110%"& ()-m | L10%*& () -
810%*& ()- \&<10%*& () - CC, E~EFFFFF| obU4 &10%84& ()- 10>*10>*10>*

1! 10%* K. () - An&disdtbfetfigrate adhddideod se)uerivs ol anbods {oy dateFBEEGHam]ds, bU4
) 10986-& ()- | 10986-& (). S1096-& ()- plO%se& ()- L10%A& ()-

C10%96-&' () - a‘i%%%ﬂgﬁ‘% 6% Yo 10984-& () <#8&10% % & () - ]100/%&' ()-

s} 10%6-& () - 1@%&%&% &1&@%&1&&&1 Méﬁ%&@%ﬂs@
0! 10%a& () - $100/8/ -< s+v10%6-& élowor&'
' 0! 10996-& () - KI@PQKfK@Q‘ILIPgﬁ A Enp oﬁ_mwr@ el sulghazpaRs (r)to aglaswRe encodedomg () -

Sil00En: () GO IR Crer R aB e KRB s e e o ()

\$1098& ()- SH LORAK 0O of rid}odkectidn and/di0¥&ctiom capabilities; and
10%&' () - FPzPQSRRRSS| [ : -410% @109%9&' ()- v7&L0%W& ()- 5109W& ()-. A4
1098&' ()- ) 6#1(@0)9/&’“("?11111@{ leasimape @ui gacoded parallel substream and any remaining

parallel substreams into said media code sequence of symbols via a precoder,

said precoder operating according to three predetermined equations.

12.  The method according to claim 11, wherein said predetermined equations are

S, =@ &s,)®ec, 5,=(a&s_,)Ps_ @®bDc,and 5,=5,Pa.

13.  The method according to claim 11, wherein said predetermined equations are

5, =(a®b&s,)Pc, 5, =((aDPD)&s5,)Ps5_ DcPb,and 5,=aPbDs,.

14.  The method according to claim 11, wherein said predetermined equations are

=(aDb&s,)Pb®Pc, 5,=((aDb)&s,)DPs Dc,and 5,=5,Da®b.

15.  The method according to claim 11, wherein said predetermined equations are

5, =(5,&a)@ (s, &a)Dc, 5=(5,&a)D(s_ &a)®bDc,and 5,=5,Pa.

16. The method according to claim 11, wherein said predetermined equations are

so=(s,,&a)@®c, s,=5_@b,and 5, =5_Pa.

17.  The method according to claim 11, wherein said predetermined equations are

s =, &a)De, 5,=(5,&a)Ps_ @bPc,and 5, =5,Pa.

18.  The method according to claim 11, wherein said predetermined equations are

5,=(5,&a&b)®s,De, s,=5,®b,and 5, =5, DaDb.
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